BACKGROUND: Recent data suggest that aspirin may be effective for reducing cancer mortality. OBJECTIVE: To examine whether including a cancer mortality-reducing effect influences which men would benefit from aspirin for primary prevention. DESIGN: We modified our existing Markov model that examines the effects of aspirin among middle-aged men with no previous history of cardiovascular disease or diabetes. For our base case scenario of 45-year-old men, we examined costs and life-years for men taking aspirin for 10 years compared with men who were not taking aspirin over those 10 years; after 10 years, we equalized treatment and followed the cohort until death. We compared our results depending on whether or not we included a 22 % relative reduction in cancer mortality, based on a recent meta-analysis. We discounted costs and benefits at 3 % and employed a third party payer perspective. MAIN MEASURE: Cost per quality-adjusted life year (QALY) gained. KEY RESULTS: When no effect on cancer mortality was included, aspirin had a cost per QALY gained of $22,492 at 5 % 10-year coronary heart disease (CHD) risk; at 2.5 % risk or below, no treatment was favored. When we included a reduction in cancer mortality, aspirin became cost-effective for men at 2.5 % risk as well (cost per QALY, $43,342). Results were somewhat sensitive to utility of taking aspirin daily; risk of death after myocardial infarction; and effects of aspirin on stroke, myocardial infarction, and sudden death. However, aspirin remained cost-saving or cost-effective (< $50,000 per QALY) in probabilistic analyses (59 % with no cancer effect included; 96 % with cancer effect) for men at 5 % risk. CONCLUSIONS: Including an effect of aspirin on cancer mortality influences the threshold for prescribing aspirin for primary prevention in men. If such an effect is real, many middle-aged men at low cardiovascular risk would become candidates for regular aspirin use.
BACKGROUND
Aspirin has been shown to be effective in preventing myocardial infarction in men. 1, 2 However, it also increases the risk of gastrointestinal bleeding, even at low doses. 1, 3, 4 The effect on stroke is mixed: Aspirin may slightly reduce the risk of ischemic strokes, but it also increases the less frequent hemorrhagic type. 1 Several systematic reviews, meta-analyses, and evidence-based clinical guidelines have quantified these effects and offered opinions about the utility of aspirin for primary prevention based on counts of the beneficial and detrimental events. 1, 2, [5] [6] [7] [8] [9] The US Preventive Services Task Force recommends aspirin for primary prevention in men for "when the potential benefit of a reduction in myocardial infarctions outweighs the potential harm of an increase in gastrointestinal hemorrhage." 5 Cost-effectiveness and cost-utility analysis offer a means of synthesizing information about the beneficial and harmful effects of aspirin and can help inform decision-making about who should or should not be offered aspirin for primary prevention. Our previous analyses have found that aspirin appears to be more effective and less costly than no therapy in middle-aged men who are at 5 % or greater 10-year risk for coronary heart disease (CHD). 10 , 11 Greving and colleagues found that aspirin was cost-effective in Dutch men at 10 % or greater risk. 12 In these analyses, the beneficial effects of prevention of non-fatal myocardial infarction outweighed the downsides of increased gastrointestinal bleeding and increased strokes.
Recently, Rothwell and colleagues published a systematic review and meta-analysis suggesting that, in addition to its Electronic supplementary material The online version of this article (doi:10.1007/s11606-013-2465-6) contains supplementary material, which is available to authorized users. cardiovascular benefits, long-term daily aspirin use may be effective in prevention of cancer-related mortality. 13 This conclusion is also supported by findings from individual trials in high-risk patients and a number of basic and observational studies. 14 If aspirin is effective in preventing cancer mortality in addition to its cardiovascular benefits, the threshold for offering aspirin may be lowered, both in terms of age of initiation and risk level at which the benefits would exceed the downsides. To test this hypothesis, we modified our preexisting model to include a cancer mortality reduction from aspirin and examined how such an effect changes the costeffectiveness of aspirin for primary prevention in middle-aged men at low to moderate CHD risk.
METHODS
We developed an updated Markov model, programmed in Microsoft Excel, based on our previous modeling work. 10, 11, 15 Because of significant differences in the quantity and strength of the evidence for aspirin effectiveness by sex and possibly by presence or absence of diabetes, we limited the current analysis to non-diabetic men. In the model, men begin in the healthy state and then transition through the model states in 12-month cycles (on-line Appendix Figure O-1) . In each cycle, men can remain in the healthy state; progress to have an initial cardiovascular non-fatal event such as angina, myocardial infarction, or stroke; have a gastrointestinal bleed; or die from cancer or a non-cancer cause.
Men who have non-fatal cardiovascular events (angina, myocardial infarction, or stroke) are assumed to stay in a sub-acute state for the remainder of that cycle, then enter a post-event health state where they receive optimal secondary prevention. The model does not simulate in-depth the additional course for men after a primary, non-fatal event. Instead, it assigns them an increased risk of mortality, increased costs, and decreased utilities, using data on the average experience of men after an initial event. 16, 17 Men who have a gastrointestinal bleed sustain an increased risk of death during that year and discontinue aspirin. They then enter a post-event health state where they progress through the model as healthy men, except with a higher risk for subsequent gastrointestinal bleeding. 3 The Markov model is used to estimate events, costs, lifeyears, and quality-adjusted life years (QALYs). Sources for the model parameters are shown in Table 1 . We used a third-party payer perspective, and costs and outcomes were discounted at an annual rate of 3 %.
Patient Population
In the base case analysis, we simulated men with a starting age of 45 years; no history of coronary heart disease (CHD) events, diabetes, or stroke; and a 5 % 10-year CHD risk. We also present results for different levels of 10-year CHD risk (from 2.5 % to 10 %) and a different starting age (55 years).
Comparators
Healthy men assigned to aspirin prevention received 81 mg of generic aspirin daily. Those assigned to "no aspirin" did not receive aspirin for primary prevention for 10 years. After 10 years, both cohorts received aspirin for primary prevention. For this analysis, we did not simulate use of other cardiovascular preventive strategies (smoking cessation, hypertension treatment, or statin use). We assumed 100 % adherence to simulate the effect of regular aspirin use.
Model Parameters
Baseline Event Rates. Baseline risks of initial CHD events (myocardial infarction, angina, and CHD death) and stroke were drawn from Framingham risk equations, using hypothetical scenarios of non-smoking, non-diabetic adults with different sets of risk factors. 18 For the 5 % risk scenario, we assumed systolic blood pressure of 120 mmHg, total cholesterol of 170 mg/dl, and HDL cholesterol of 40 mg/dl. For sensitivity analyses, we varied these factors to attain overall 10-year CHD risk levels of 1.25 %, 2.5 %, 7.5 %, and 10 %. Assuming an exponential distribution, we translated 10-year CHD risks (myocardial infarction, CHD death, and angina) and stroke risks into annual, event-related transition probabilities. These probabilities were allowed to change annually to reflect increasing risk with increasing age over the time horizon of the analysis.
Age-dependent non-cardiovascular mortality rates were estimated from the National Vital Statistics life tables. 19 Probabilities were adjusted as the cohort aged over the time horizon of the analysis. We estimated the proportion of deaths due to cancer by age from the Surveillance Epidemiology and End Results (SEER) cancer statistics. 20 We used estimates of gastrointestinal bleeding risk from an observational cohort study by Hernandez-Diaz et al. 3 The baseline risk of gastrointestinal bleeding increases as members of the cohort age (45-54 years of age: 0.008; 55-74 years: 0.0024; 75-84 years: 0.0036). We assumed 1 % of gastrointestinal bleeds would be fatal, based on case series and prior aspirin trials.
1,2,21,22
Aspirin Effects. The relative risk reductions (for CHD events and cancer mortality) and increases (for gastrointestinal bleeding and total stroke (including both ischemic and hemorrhagic events)) for aspirin were drawn from published meta-analyses and clinical trials and are presented in Table 1 . We used sex-specific estimates when available. Based on the Rothwell meta-analysis, we assumed that aspirin therapy reduced the risk of cancer mortality by 22 % (or 0 % in parallel analyses excluding this putative effect), with the effect beginning 5 years after initiation of aspirin. 13 We did not simulate the effect of aspirin on cancer incidence. 23 Men who had a non-fatal cardiovascular event were at increased risk of mortality in all subsequent years. 16, 17 However, we also assumed they would receive optimal secondary prevention, which reduced their mortality by 33 %. 24, 25 Costs. As in our past analyses, we considered costs of outpatient physician visits, events, and medications. In this analysis, we also considered average annual costs of healthcare. 26, 27 Other healthcare costs are applied annually for all patients as long as they are alive, and increase with increasing age. When men reach the age of 70, they incur a one-time cost that represents the average non-CVD related healthcare costs for the remainder of the patient's lifetime (Table 1 ).
Healthy men with or without a previous gastrointestinal bleed were assumed to incur one outpatient visit per year. Acute event health states (angina, myocardial infarction, stroke, and gastrointestinal bleed) include the cost of hospitalization for the respective event. Once a man had a CVD event, he was assumed to have four additional visits a year. We did not specifically examine the costs of cancer care or the effects of aspirin on these costs.
All costs are reported in 2012 US dollars and were inflated using the Medical Consumer Price Index when appropriate. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Utilities. The utilities for each health state were drawn from the literature and are also shown in Table 1 . [40] [41] [42] [43] In most cases, they were estimated using time trade-off techniques in the original studies. Where no data existed, we made estimates and examined a wide range of values in sensitivity analysis. In our base-case scenario, we estimated the disutility associated with taking aspirin each day at 0.999 (equivalent to losing 11 days of life with perfect health over the course of 30 years). This value represents decreased quality of life from non-major bleeding (nose bleeds, bruising), dyspepsia, and any hassle of taking a pill daily.
Outcomes. Our main outcome of interest was the cost per QALY gained for aspirin vs. no therapy. We first estimated cost per QALY assuming no effect of aspirin on cancer mortality; we then compared our results when the effect of aspirin on cancer mortality was included.
Sensitivity Analyses. To test the robustness of the model assumptions and specific parameters, we systematically examined the effect of changing key parameters in one-way sensitivity analyses. We also performed probabilistic sensitivity analysis (second-order Monte Carlo simulation). We assumed that the following parameter estimates followed a gamma distribution: all relative risk of events, increases in GI bleed, effects on mortality, health state costs, and drug costs. A beta distribution was assumed for health state utilities. We did not vary costs or the disutility of taking aspirin. Analyses were run 10,000 times in order to capture stability in the results for each relevant scenario. We developed scatter plots to represent uncertainty, and created cost-effectiveness acceptability curves. Table 2 shows the effects of 10 years of aspirin therapy on clinical outcomes over 10 years, 20 years, and a full lifetime for a cohort of 10,000 45-year-old men in the base case scenario (5 % 10-year CHD risk). Aspirin use produced fewer non-fatal myocardial infarctions and fewer deaths, but more gastrointestinal bleeding and slightly more strokes. When the effect of aspirin on cancer mortality was included, the difference in total deaths at 20 years between aspirin and no aspirin was twice as large as compared with when no cancer mortality effect was assumed (28 vs. 14). Aspirin produced more life-years than no therapy at each time point. However, the effect on QALYs depended on the time horizon modeled. At 10 years, the reduction in quality of life from taking aspirin (utility=0.999) outweighed the net gains in life-years, even if the cancer benefit is included; at 20 years, aspirin produced a net gain in QALYs if cancer is included, but otherwise not. When a lifetime horizon was modeled, aspirin produced a net gain in QALYs whether or not the cancer benefit is included (Table 2) .
RESULTS
Cost-utility results for the lifetime horizon are shown in Table 3 for scenarios varying the baseline CHD risk (a primary driver of aspirin effectiveness) and varying the disutility associated with aspirin. In the base case of 5 % risk and 0.999 utility for daily aspirin use, the cost-utility of aspirin was favorable with ($10,984 per QALY) or without ($22,492 per QALY) the inclusion of the cancer mortality effect, suggesting that aspirin can be recommended at 5 % risk or above. At 2.5 % risk and with no effect of aspirin on cancer mortality, aspirin was less effective and more costly than no treatment; however, with the inclusion of an effect of aspirin on cancer mortality, aspirin use was cost-effective ($43,342 per QALY) even at this low risk level. At even lower risk (1.25 % 10-year CHD risk), aspirin was not costeffective with or without cancer mortality included.
If the utility of taking daily aspirin was set at 1.0 (no quality of life penalty modeled), aspirin was effective at all risk levels when cancer effects were included. Excluding other health care costs had a modest effect on cost-utility values but did not produce major changes in the populations for which aspirin is cost-effective (data not shown).
For 55-year old-men, aspirin was somewhat less costeffective at each risk level than for 45-year-old men; in this case, including the cancer mortality reduction had important effects on whether aspirin was cost-effective for men at both 5 % and 2.5 % 10-year risk levels.
In one-way sensitivity analyses, the risk of stroke, gastrointestinal bleeding, non-fatal myocardial infarction, and CHD death with aspirin had moderate effects on costutility when no cancer effect was assumed (Fig. 1a) . In the absence of a cancer effect, no treatment was favored at 5 % risk if the relative risk for CHD death with aspirin was over 1.02. When a risk reduction of 22 % for cancer mortality was assumed, the results are more robust (See Fig. 1b) .
If the relative risk of mortality with cancer is only 0.93, there is little difference in cost-effectiveness based on inclusion or exclusion of the cancer mortality effect (see on-line Appendix Table O-1) If the increased risk of mortality after CVD event was 2.0, no treatment is favored at 5 % risk (and 0.999 utility) in the absence of a cancer mortality effect. (See on-line Appendix Table O-2) In probabilistic sensitivity analyses (Fig. 2) , most results suggested aspirin to be cost-saving or cost-effective (less than $50,000 per life-year gained): this was true in the absence of a cancer effect for 59 % of scenarios and for 96 % of scenarios when a cancer effect was assumed. Costeffectiveness acceptability curves are shown in on-line Appendix Figure O 
DISCUSSION
Daily aspirin is effective in preventing CHD events in men, primarily non-fatal myocardial infarction, but it also causes gastrointestinal bleeding and strokes. 1, 5 Rothwell and colleagues' recent meta-analysis suggests that daily aspirin may also reduce the relative risk of cancer mortality by 22 %. 13 We found that when this potential effect of aspirin on cancer mortality is included, aspirin becomes beneficial (and cost-effective) for a large group of middle-aged men at low 10-year CHD risk who otherwise might not receive net benefit from taking aspirin. In an analysis of 2009-2010 NHANES data, it was estimated that over 4 million men ages 40-49 have 10-year CHD risk between 2.5 % and 5 % (personal email communication, Hongyan Ning, August 2, 2012). Our findings are robust to several key assumptions in the model and suggest that guideline makers may need to reconsider their recommendations for primary prevention based on this cancer effect. 5 Consistent with our past modeling analyses, 10, 11 we have identified a threshold for use of aspirin (in the absence of a cancer effect) that is below thresholds often advocated by others.
1,2,5-9 Some of this variation arises from differences in estimates of aspirin's beneficial or detrimental effects, but much of it reflects the weighing CHD coronary heart disease up of the long-term consequences that can only be examined through modeling. Our results are also below the threshold identified by Greving and colleagues in their modeling work. They found aspirin to be cost-effective for 45-year-old men at moderately elevated risk (11 % 10-year cardiovascular risk); however, aspirin was not cost-effective at lower (5 %) risk and was less effective and more costly than no therapy at 2 % risk. Their model differed from ours in several respects: They used only a 10-year time horizon; assumed a much higher cost of aspirin (97 Euro per year, which included dispensing and prescription fees); modeled a higher (3 %) gastrointestinal bleeding case fatality rate; and did not include any cancer effect. 12 We examined the effect of including or not including a disutility associated with daily aspirin use and found that it had important effects. There is little empirical or theoretical evidence to guide the value of this parameter, and hence we made a conservative choice for our base-case scenario. Further research is needed to better understand and measure this health state, as individuals may vary considerably in how they perceive it. As such, the decision about whether to take aspirin should be part of a shared decision making process. We chose to use a lifetime time horizon to be sure to capture the full effects of prevention. Much of the cardiovascular benefit of aspirin comes from preventing non-fatal myocardial infarctions and the resultant reductions in subsequent mortality. However, to be conservative, we only allowed aspirin use to differ over the first 10 years, after which the two groups were equalized. Allowing differences in therapy over the full lifetime produces even larger benefits from aspirin compared with no therapy.
Although our study results were quite robust, several limitations must be noted. First, we did not model cancer incidence, or the effect of aspirin on cancer incidence. Further, our modeling of aspirin's effects on cancer did not consider costsavings from reduction in cancer treatment, including end-oflife care and chemotherapy. As such, we have likely underestimated the net impact of aspirin on cancer, assuming its true effects are similar to those reported in Rothwell and colleagues' meta-analyses. 13, 23 Conversely, if the true effect of aspirin is much smaller than estimated by Rothwell and colleagues (as suggested by Seshasai and colleagues, who estimated a relative risk of 0.93), 9 then there will be few or no effects on the threshold for net benefit from the mortality effect alone. Our analysis assumed full adherence to aspirin, so as to answer the question of what the effect of regular use would be; however, adherence to preventive medicines is sub-optimal, 29 and we have not included the costs of systematic adherence promotion, so its actual beneficial effects when offered to a population will be smaller (as will its adverse effects).
Our analysis is specific to middle-aged men at low CHD risk and not at high risk of gastrointestinal bleeding. We have too little data to determine whether it would hold for younger or elderly men, or for those with diabetes. We plan a subsequent analysis for women. In this paper, we did not model other potentially effective cardiovascular prevention strategies (e.g., statin use, smoking cessation therapies). Clinical decisions about aspirin use must take into account these other potential therapies, but even if all other therapies are utilized, many men will remain at risk levels for which aspirin use appears to be warranted.
In conclusion, our analysis suggests that aspirin appears beneficial for a large proportion of middle-aged men at lowmoderate CHD risk, and that if its effects on cancer are real, this proportion would be even larger. Further research is required to increase our confidence in the true effects of aspirin on cancer. In the meantime, guideline makers and clinicians should discuss the potential benefits and downsides of aspirin in middle-aged men and consider its use in men who are not at high risk of adverse effects and not bothered by the need to take a pill daily.
